Abstract
INTRODUCTION
Cystic fibrosis (CF) is caused by dysfunction of the CF transmembrane conductance regulator protein, an ion transport disorder leading to pulmonary hypertension and cor pulmonale with poor prognosis in the young adulthood [1, 2] . After implementation of neonatal screening programmes, an excellent quality of life and an even greater life expectancy can be achieved in CF patients [3] . In early stages, the disease is usually treated conservatively using pharmacological and physical therapy as well as non-invasive ventilation support [4, 5] . Newer drugs, such as the CF transmembrane conductance regulator potentiator ivacaftor (Kalydeco V R , Vertex Pharmaceuticals Incorporated, Boston, MA, USA), can correct the protein defect in CF patients with G551D or other certain gating mutations and may also positively influence Pseudomonas aeruginosa (PA) colonization; however, there are still several CF gene †Presented to the 96th Annual Meeting of the American Association for Thoracic Surgery, Baltimore, MD, USA, 14-18 May 2016. ‡The first two authors share the first authorship and contributed equally to this work.
mutations that elude redressal [6] with progressive loss in pulmonary function due to recurrent and chronic pulmonary infections that represent the main cause of death [7] .
Lung transplantation (LTx) is an established treatment for CF patients with end-stage lung disease and has been associated with steadily improving outcomes over the last 20 years [8, 9] . The most frequently obtained respiratory pathogen in CF patients is PA, present in more than 80% bronchial lavage samples of patients over the age of 26 years [10] . Post-transplant recolonizations with PA have been shown to be independent predictors of bronchiolitis obliterans syndrome (BOS) [11] . Chronic infection in early stages can also be caused by Staphylococcus aureus and Stenotrophomonas maltophilias (SM), whereas PA is usually found in later stages of the disease [12] ; viruses may also play a role in chronic infection in CF patients.
Taurolidine, bis(1,1-dioxoperhydro-1,2,4-thiadiazinyl-4)-methane, is a chemotherapeutic agent with antimicrobial and antilipopolysaccharide properties with immunomodulation mediated by priming and activation of macrophages and polymorphonuclear leucocytes [13] . Intravenous or nebulized taurolidine has been successfully used in CF patients with Burkholderia cepacia (BCC) [14] , with in vitro activity against multiple micro-organisms isolated from CF patients [15] .
In this study, we performed a detailed analysis of taurolidine and its impact on post-transplant bacterial colonization and outcome in CF patients.
METHODS
We included data of 114 consecutive LTx patients with CF performed at Harefield Hospital between January 2007 and November 2013. Organ procurement was performed by 6 designated lung transplant centres in the UK, including ours, within a specified geographical region of each centre. Recipients with various risk profiles were included in the study. Patients were divided in 2 groups as per the use of intraoperative taurolidine lavage applied through recipient bronchi to both pleural cavities: 42 patients received taurolidine, whereas 72 were assigned to the control group. Common pathogens, the impact of taurolidine on pathogen colonization, long-term overall cumulative survival and long-term freedom from BOS were presented and compared between the 2 groups.
Definitions
All definitions have already been described in our previous research. Total ischaemic time was defined as the time between cardiac arrest in donation after cardiac death donors or aortic cross-clamp in donation after brain death donors and reperfusion of the second implanted lung. The grade of primary graft dysfunction was defined based on the International Society of Heart and Lung Transplantation (ISHLT) Working Group on Primary Dysfunction Report: the pO 2 /FiO 2 ratio <200 was considered as primary graft dysfunction Grade 3, independent of findings on the chest X-ray. Lung function tests were performed on each hospital admission and transplant outpatient visits, and BOS was diagnosed when post-transplant fraction of expired volume in 1 s (FEV 1 ) measured regularly after LTx permanently dropped >20% of the best FEV 1 achieved after LTx, as per the ISHLT recommendations [16] . Extended donor criteria were defined as pO 2 /FiO 2 ratio <300 (pO 2 measured in mmHg) and/or age >55 years and/or history of smoking >20 pack-years. Smoking history was defined as temporary or permanent smoking habit at the time of organ donation or in the past. One pack-year was defined as 20 cigarettes (1 pack) smoked per day for 1 year.
Taurolidine flush
Since March 2010, taurolidine flush was performed in a substantial proportion of CF patients undergoing LTx, whereas there was no clear evidence in terms of benefit/complication ratio of using this solution in the setting of LTx. Therefore, a number of implanting surgeons were careful about this strategy, and the decision to use taurolidine flush was made by each consultant who performed surgery. At the same time, another group of patients was transplanted without the use of taurolidine. Although taurolidine was not used from 2007 to 2009, these patients were not excluded in order to increase the statistical power by increasing the number of patients in the cohort analysed. In the taurolidine group, each main bronchus of the recipients was flushed directly after pneumonectomy through the double-lumen endotracheal tube with 1000 ml of taurolidine solution comprising 250 ml of 2% Taurolin V R (taurolidine) diluted in 750 ml of 0.9% saline. Taurolidine lavage was always performed sequentially after each pneumonectomy. After each bronchial flush, a complete washout of both pleural cavities was done with further 1000 ml of this solution (combined application time of 20-30 s) and minimum exposure time for bronchi and pleural cavities of 5 min before implantation of donor lungs. As taurolidine had demonstrated a very low rate of toxicity and side effects and there had been no evidence of systemic absorption, there was no need for taurolidine level measurement. In this study, no side effects were observed that could be attributed to taurolidine flush.
Statistical analysis
All data were analysed using IBM SPSS Statistics for Mac, version 21 (IBM Corp., Released 2012. IBM Corp., Armonk, NY, USA) and were presented as continuous or categorical variables. Continuous data were evaluated for normality using 1 sample Kolmogorov-Smirnov test and confirmed by histograms. Continuous variables were expressed as the mean ± standard deviation in cases of normally distributed variables or median (interquartile range) in cases of non-normally distributed variables. Categorical variables were presented as total numbers of patients and percentages. Continuous data were analysed with unpaired t-test for normally distributed variables and the MannWhitney U-test for non-normally distributed variables. The Pearson's v 2 test or the Fisher's exact test was used for categorical data dependent on the minimum expected count in each crosstab. The Kaplan-Meier survival estimation was applied for survival analysis and freedom from BOS. Patients who survived (cumulative survival curve) or did not develop BOS (freedom from BOS curve) at the cut-off of the study were censored. The log-rank (Mantel-Cox) and generalized Wilcoxon tests were applied for comparison of cumulative survival estimates and estimated freedom from BOS between both groups (the taurolidine and non-taurolidine groups). Propensity score matching function of SPSS software was conducted to reduce confounding bias between the groups. Matching was based on one-to-one nearest neighbour matching method with a tolerance level on the maximum propensity score distance (calipers of width 0.2 SDs of the logit of the PS). This propensity score-based matching procedure resulted in a total number of 50 patients matched. The same statistical tests were used before and after propensity score matching.
RESULTS
The median donor age of the entire CF cohort was 42 (27-52) years, mean height 168.9 ± 10.4 cm and 70 (61.4%) patient donors were female. After splitting all patients in the taurolidine and non-taurolidine groups, baseline donor characteristics were comparable in terms of age (P = 0.972), height (P = 0.188), weight (P = 0.155) and gender (P = 0.475). Additional donor parameters that were usually assessed considering organs offered were also well distributed between the 2 groups without statistically significant differences: cigarette smoking history (P = 0.464), percentage of abnormal chest X-ray (P = 0.783) and the need for ex vivo lung perfusion (EVLP) (P = 0.356). However, there was a trend towards poorer mean last preretrieval pO 2 /FiO 2 ratio (P = 0.079) and bronchoscopy results (P = 0.090) in the taurolidine group (Table 1) . Table 2 lists preoperative recipient demographics and distribution of recipient's diagnosis. The mean recipient's age was 28 (24-34) years, and 55 (48.2%) patients were female. All consecutive patients requiring the use of extracorporeal life support as a bridge to transplantation (n = 6, 5.3%) were also included without significant differences between both groups. There were no single-lung transplants performed in either of the groups.
Intraoperative variables and parameters of early postoperative outcome are presented in Table 3 . Early outcome in the taurolidine group was superior regarding FEV 1 at 3 and 6 months after surgery with 74.5 ± 14.6 vs 60.4 ± 17.5 (P < 0.001) and 80.6 ± 16.9 vs 67.2 ± 19.4 (P = 0.005) percent of predicted values, respectively. A subgroup analysis comparing FEV 1 in patients with and without PA colonization at the time of FEV 1 measurement showed that there were no statistically significant differences in terms of FEV 1 between PA colonized and PA non-colonized patients both at 3 (P = 0.997) and at 6 (P = 0.935) months. The postoperative pO 2 / FiO 2 ratios within the first 72 h after transplant ranged between 305.4 ± 118.4 and 373.9 ± 116.2 mmHg in the entire cohort, with no statistically significant differences between the 2 groups. Incidences of primary graft dysfunction Grade 3 after transplant were 9 (8.1%) after 24 h, 6 (5.8%) after 48 h and 6 (5.8%) after 72 h, with no statistical significant differences between both groups. Postoperative extracorporeal membrane oxygenation due to respiratory failure was needed in 7 (6.2%) patients [5 (12.2%) in taurolidine group versus 2 (2.8%) in non-taurolidine group, P = 0.097]. The median length of mechanical ventilation was 30 (20-96) h, the median duration of intensive care unit was 5 (3-11) days and the total hospital stay was 30 (21-44) days, with no statistically significant differences between the 2 groups. Similar outcome results were also obtained after propensity score matching (Table 4) .
Overall cumulative and bronchiolitis obliterans free survival in the taurolidine group versus the non-taurolidine group
The cumulative incidence of postoperative BOS over the followup was 12.5% vs 18.2% (P = 0.694), and the cumulative free survival was 80% vs 68%, (P = 0.333) in the taurolidine group versus non-taurolidine group. Overall cumulative survival estimated using the Kaplan-Meier analysis (Fig. 1 ) was 85.2% vs 88.5% at 1 year, 76.7% vs 82.1% at 2 years and 62.0% vs 71.9% at 3 years, respectively [log rank (Mantel-Cox) P = 0.277; generalized Wilcoxon P = 0.271]. Figure 2 depicts the estimated BOS free survival in both groups with follow-up up to 3 years in the taurolidine group and up to 6 years in the non-taurolidine group: 96.6% vs 91.3% at 1 year, 86.3% vs 84.5% at 2 years and 86.3% vs 84.5% at 3 years, respectively [log rank (Mantel-Cox) P = 0.979; generalized Wilcoxon P = 0.985].
Common pathogens and the impact of taurolidine on pathogen colonization
Information on bacterial colonization in donors and recipients before and after transplant is presented in Tables 5 and 6 . Recipients were investigated for the presence of various pathogens in bronchoalveolar lavage (BAL) for a year after the transplant in the entire cohort. There was a reduction in PA colonization observed in the taurolidine group from 83.3% at baseline to 31.3% at 3 months and 20% at 1 year. In contrast, non-taurolidine group was only associated with less significant decrease in PA colonization from 83.3% at baseline to 68.8% at 3 months (P < 0.001) and 40.3% at 1 year (P = 0.053). Estimated freedom from BOS (generalized Wilcoxon P = 0.032) and overall cumulative survival (generalized Wilcoxon P = 0.0042) significantly worsened in a subgroup of patients with persistent PA colonization in the BAL culture 3 months after LTx. A total of 7.1% of patients from the taurolidine group and 4.2% from the non-taurolidine group had intraoperative evidence of BCC colonization. Postoperatively, BCC colonization decreased to 3.1% at 3 months, with complete eradication at 1 year in the taurolidine group. In the non-taurolidine group, BCC colonization persisted with 1.6% at 1 year. Similarly, in the taurolidine group, the proportion of patients with SM colonization decreased over the follow-up to 0% at 1 year, whereas SM in the non-taurolidine group could not be fully eradicated.
DISCUSSION
The success of taurolidine as a barrier to line infections had been well published. However, its efficacy in management of airway pathogen colonization in transplantation has not been proved. This study attempts to critically examine both overall long-term survival and freedom from BOS in CF patients and the impact of intraoperative use of taurolidine on bacterial colonization and overall outcome after LTx in this group of patients. To minimize side effects such as pleural thickening and pleural adhesions, the taurolidine 2% flush has been diluted according to our protocol [17] . A large proportion of the donor lungs in this study were obtained from marginal donors that were partially assessed using EVLP [18] [19] [20] [21] . Nonetheless, 5-year survival was 62.2% in the entire CF group being still comparable to the ISHLT registry with 5-year survival rate of 60.96%. Interestingly, the use of taurolidine, which was associated with better postoperative lung function test results, did not affect overall survival: 3-and 5-year survival was comparable between the 2 groups. Also, better FEV 1 in the taurolidine group in this study did not translate to a decreased risk of BOS. In keeping with previous findings [10] , this study found PA to be the most common bacterial pathogen colonizing CF patients, with baseline frequency of 83.3% in both the taurolidine and non-taurolidine groups. A statistically significant reduction in PA colonization over 1-year follow-up in the taurolidine group compared with the non-taurolidine group documented in this study may potentially translate into improved long-term outcomes in studies of larger/multicentre cohorts. Several studies have suggested that colonization of airways with Gram-negative bacteria, such as PA, represents a significant risk factor for BOS and for late mortality [22] . Nonetheless, according to our analysis, there were no statistical differences in terms of BOS and overall cumulative survival when comparing patients initially colonized with PA and those negative for this pathogen. However, our findings also showed that incidence of BOS and overall cumulative survival significantly worsened when PA colonization persisted in the BAL culture 3 months after LTx, which was of practical significance from a clinical point of view, with emphasis on reducing bacterial load in an effort to prevent BOS and improve overall survival.
BCC is also an important opportunistic pathogen that may cause lung infections in CF patients and is associated with higher mortality after LTx [23, 24] . Hence, CF patients with BCC colonization are usually suspended from the waiting list due to increased mortality risk [25] . Nevertheless, in our institution, we transplanted 3 (7.1%) patients from the taurolidine and other 3 (4.2%) patients from the non-taurolidine group colonized with BCC. Over the follow-up, we observed a reduction in BCC colonization to 3.1% at 3 months and complete eradication at 1 year after LTx in the taurolidine group. In the non-taurolidine group, BCC colonization persisted with 1.6% at 1 year. Thus, taurolidine may possibly have a beneficial effect on eradication of BCC, although a larger population may need to be studied to achieve statistical significance.
SM is an opportunistic, pan-resistant pathogen, which can also be involved in the development of chronic pulmonary infections in CF patients. Similar to BCC colonization, the proportion of patients with SM colonization in the taurolidine group decreased over the follow-up from 7.1% at baseline to 3.1% at 3 months and 0% at 1 year, whereas SM in the non-taurolidine group could not be fully eradicated. Evidence demonstrating the impact of SM on survival after LTx in CF patients is sparse. Hadjiliadis et al. [26] identified several pan-resistant bacteria in 103 CF patients undergoing LTx with only 1 patient colonized with SM. Even though the results showed a slightly decreased survival in CF patients colonized with multiresistant bacteria, it is difficult to draw any conclusion regarding SM.
It remains unclear whether taurolidine use should be aimed at preventing airway colonization or pleural space sterilization. This is a potential topic for future studies on using taurolidine in LTx for patients with CF. As long as this remains debatable, taurolidine in our centre has been used for the treatment of both bronchi and pleural cavities to achieve higher efficiency. However, the left main bronchus could not be completely flashed with taurolidine due to the use of double-lumen tube. 
Limitations
This study is a retrospective analysis of a single institution. Data collection may suffer from variability in data entry. Also, selection bias and other potential confounders may influence our results. The attempt to control for bias using propensity score matching resulted in further dropouts of patients and a therefore relatively low statistical power. As no ideal matching is possible in such a small patient cohort, the correlation structure of matched pairs is also limited. Therefore, standard statistical tests, which do not address the correlation structure in paired sample data, were used. Since 2010, a new clinical director of transplantation introduced the use of taurolidine that was used in a proportion of CF patients by several consultants. For this reason, a shorter followup is available for the taurolidine group. Technical aspects of taurolidine administration need improvement, as application of the agent via the endotracheal tube might not be optimal, particularly for the exposure of the left main bronchus that could not be completely flushed due to the use of a double-lumen tube.
CONCLUSION
Our preliminary results show that the use of taurolidine might lead to improved FEV 1 at 3 and 6 months after LTx. Moreover, taurolidine flush might be associated with a reduced proportion of patients colonized with multiresistant pathogens, particularly with PA. However, this study did not find any improvement in freedom from BOS and cumulative survival associated with taurolidine use, possibly due to the limited patient population studied. Therefore, larger/multicentre studies are warranted to clarify this issue. No potential complications or disadvantages related to taurolidine use were found in this study. The authors recommend the routine use of taurolidine for flushing the bronchus and washout the chest cavity after pneumonectomy for CF patients undergoing LTx.
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